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CRYOPUMP PISTON POSITION TRACKING 

REFERENCE TO RELATED APPLICATIONS 

This application is related to US. Provisional Patent 
Application Ser. No. 60/394,167, ?led Jul. 8, 2002, to Which 
the present application claims priority under 35 U.S.C. 119 
and Which is incorporated herein by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 10 

Not applicable 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to real-time position sensing 
of a moving part Within a cryogenic refrigeration system. 
More speci?cally, the present invention relates to the use of 
position sensing of moving parts in a cryogenic compressor 
or cryogenic refrigeration system using precision sensors 
and support circuitry capable of accurately determining the 
location of a moving part. 

2. Description of the Background Art 
Cryogenic refrigeration systems or “cryocoolers,” are 

becoming increasingly commonplace and are used in a 
variety of applications Where very cold temperatures are 
necessary or desired. These applications include cooling of 
sensor electronics or optics in military and commercial 
equipment used in satellites and space ?ight, superconduct 
ing electronics and in research and development. 

Typical cryogenic refrigeration systems have an ability 
cool from 70—80K in a single stage system and in the range 
of 2.3K in advanced, multistage systems. Closed system 
cryogenic refrigeration systems include the Stirling, 
Gifford-McMahon J -T and pulse tube head types Which cool 
by alternating the compression and expansion of a Working 
?uid, commonly, helium. The Stirling and Gifford 
McMahon systems incorporate a mechanical, reciprocating 
displacer to move the helium to the system regenerator and 
to remove heat and return the gas to a system compressor. 
The high-pressure helium is expanded in the displacer 
module connected to a regenerator and cold head. The pulse 
tube system does not include a mechanical displacer but 
rather cyclically compresses and expands the helium as it 
moves through the heat exchanger by use of a rotary valve 
to generate an oscillating compression-expansion cycle. 
Common to each of the Stirling, Gifford/McMahon, J-T 

and pulse tube systems is a compressor assembly in Which 
the expanded helium or other Working ?uid that is returned 
from the system is compressed by use of a piston. The 
compressor assembly includes one or more pistons in a 
compression volume or cylinder for the compression of the 
returned helium. These cryogenic refrigeration systems 
commonly use a linearly oscillating piston driven by an 
electric “voice coil” motors Where the piston assembly is 
supported by a ?exure bearing. The piston oscillation is 
typically controlled by an active position control servo 
operating on position sensor feedback. It has been deter 
mined that active position control improves thermodynamic 
ef?ciency of the unit, helps reduce vibration, and prevents a 
piston from impacting end stops during operation. It has also 
been determined that control of ?uid ?oW and movement of 
the expansion chamber (displacer) must be continuously and 
accurately timed. 

In order to have better control over the temperature of a 
cold head in a cryocooler system, there is a need to receive 
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2 
continuous indication of the cryopump piston, the position 
of the piston in a displacer as Well as the position of 
balancing Weights in vibration dampened systems. 
Optical Encoder Technology 

Current position control designs for moving components 
in a cryocooler system use linear variable differential trans 
formers (LVDT) as position sensors. This method Works 
Well, but the special design and loW volume production 
associated With incorporating an LVDT into an existing 
cryocooler system is expensive and results in lengthy design 
delays. Further, neW cryocooler designs require a neW or 
redesigned LVDT systems to alloW the pistons to operate 
over a variable stroke range or to ?t a different space 
allocation. This undesirably lengthens the design cycle and 
results in relatively high non-recurring engineering costs. 
Accordingly, there exists a need for a less expensive, pre 
cision position sensor system that can readily be adapted to 
existing cryocoolers or to future cryocooler designs. 

Optical encoder technology is Well developed, Well 
knoWn and Widely used in other applications. Encoder 
components are loW-cost, off-the-shelf items With the excep 
tion of the user-speci?ed, printed pattern on the encoder’s 
index plate. This pattern is usually made per user speci? 
cation and there are many vendors for such devices With 
proven and cost effective practices. 
An optically encoded position sensor of the type 

described herein simpli?es manufacturing and reduces cost 
relative to LVDT technology for a number of reasons. 
Existing encoder units use several readily available, com 
mercial off-the-shelf or easily manufactured components, 
are easy to install and align in a cryocooler, are compact, 
lightweight, and are highly reliable. These elements lend 
themselves to loW-cost production and incorporation into 
existing cryocooler technology. 
As is Well knoWn in the art, optical encoders are devices 

that have tWo major sub assemblies. One subassembly is an 
index plate, Which is connected to a moving component, is 
a system requiring position detection. The index plate is 
connected to and moves With the speci?ed component. The 
index plate generally comprises a transparent plate With one 
or more longitudinal sections With different markings on 
each of them. The second subassembly, referred to herein as 
an emitter/detector or transmit/receive unit, is mounted on a 
stationary member on or Within the compressor housing and 
typically consists of a light source (LED or another) and a 
light detector. When the encoder is assembled into the 
compressor, the light source and detector are positioned in a 
Way that there is a gap betWeen them Whereby the detector 
picks up the light from the light source. The index plate 
occupies this gap (Without contacting either of the parts) and 
When it moves, the markings block the light and as a result, 
signals are generated by the detector’s circuitry. 

There are tWo types of encoders preferred for use in the 
claimed invention, each of Which is Well knoW in industry. 
The ?rst is an incremental encoder containing a single 
section on the index plate With multiple demarcations of a 
knoWn distance betWeen. The output of this type of encoder 
is the movement speed (number of line counts per time unit) 
or the linear displacement relative to a knoWn previous 
position. 

The second major type of encoder is the absolute position 
encoder. In this type of encoder, the index plate consists of 
multiple sections, each section of Which contains multiple 
demarcations so as to generate a digital Word for every 
discrete position With a length equivalent to the number of 
sections (2 sections=2 bits etc.). The number of light source 
detector sets and also the number of signal lines in this 
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absolute encoder type is equal to the number of sections on 
the index plate. The output of this type of encoder is the 
absolute position of the encoder’s plate relative to an abso 
lute Zero established during the system’s assembly or cali 
bration. The position is expressed as a digital Word and the 
length of this Word determines the system’s precision. For 
example, a 10-bit Word yields 1024 discrete positions. The 
precision in this case equals full stroke length divided by 
1024. 

Both types of encoders described above as transmissive 
devices, With a transparent index plate and opaque 
demarcations, but can be re?ective index plates With the 
light source and detector positioned on the same side of a 
re?ective index plate. 
An alternative preferred embodiment incorporates an 

absolute-incremental encoder that requires only four I/O 
pins passing through the pressure housing for each encoder. 

The use of absolute-incremental encoder is the proposed 
method for replacing the LVDT in cryocoolers With an 
optical encoder using a limited number of I/O pins in the 
hermetically sealed compressor unit. 

The absolute-incremental encoder index plate consists of 
three sections on the same physical piece. One section has 
a number of markings With a knoWn spacing betWeen them 
that match the precision needed from the system (in the same 
Way as in an incremental encoder). The other tWo sections 
have similar markings arranged in pairs, Where the lines in 
each pair (one line in each section) have a smaller gap 
betWeen them than the gap betWeen the pairs. These tWo 
sections are used for direction of movement detection. 
During operation, receiving the signals from the tWo light 
detectors corresponding to these tWo sections in one order 
indicate one direction of movement and vice versa. The 
bigger gap betWeen the pairs indicates to the system that a 
neW pair is being read. Receiving a signal from the same 
detector tWice Without receiving a signal from the other 
detector indicate to the system a reversal in the direction of 
movement 
An “absolute position reset line” is marked across all 

three sections. The system resets to a knoWn absolute 
position each time all three detectors transmit a simulta 
neous signal (all three signals received Within a predeter 
mined time frame). The actual reset takes into account the 
position of only one detector (the one that Was used during 
the calibration process) to avoid ambiguity. The reset event 
is not required every cycle but because the system’s accu 
racy improves With the number of resets, the absolute 
position reset line is located in the middle of the stroke. 

The absolute-incremental system uses the direction of 
movement indication to either add or subtract the position 
increment to/from the absolute position obtained in the reset 
process. The side from the absolute position is also taken 
into account. 
When the precision required by the system cannot be met 

by one incremental encoder section because the line Width 
and spacing exceed the printing capabilities, more sections 
may be added With their markings shifted from one another 
to form a ?ner uniform division of the full motion stroke. 
Each such section adds one light source and detector. The 
signals from these additional sets are Wired into the same 
signal line eliminating the need for additional signal lines 
and I/O pins. 

The number of I/O pins required by the proposed system 
is three for each encoder, tWo for the direction detection and 
one for the incremental output. In addition, tWo I/O pins 
supply poWer to all the encoders in one cryocooler. 
A single encoder design can be, rapidly adapted to Work 

in different cooler designs by simply changing one compo 
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4 
nent: an easily manufactured light-modulating grid. This 
passive element modulates light intensity seen at a detector 
such that motion steps can be accurately counted. The 
remaining elements of the sensor (light source, detectors, 
and electronics) are unaffected by changes in piston motion 
over the range of Stirling-class cooler designs planned for 
development over the next ?ve to ten years. 

SUMMARY OF THE INVENTION 

The present invention is a cryocooler alloWing the con 
tinuous position tracking of a cryocooler’s compressor 
piston, displacer or other moving part using linear optical 
encoders. The invention generally includes a piston 
compressor driven cryocooler incorporating a position sen 
sor comprising a transmitter/receiver unit and an index plate. 
The position sensor is preferably comprised of a light 
emitter/detector for the transmission and receiving of an 
optical signal Which is mounted on a ?xed structure Within 
a sealed volume in the cryocooler. The index plate is 
preferably a transparent, graduated position scale Which is 
mounted on the moving component Which component’s 
position is desired. The index plate is mounted so as to alloW 
its reading by the emitter/detector. During compressor 
operation, the signals from the detector are fed to electronic 
circuitry to alloW the accurate determination of the location 
of a moving component in the system and to facilitate the 
control of that component through the use of appropriate 
control electronics. 

It is a primary object of the invention to provide a 
cryocooler incorporating a piston position sensing system 
that provides ease of cryocooler manufacturing and produc 
ibility With the use of commercial of the shelf (COTS) parts 
compared to existing LVDT technology. It is another object 
of the invention to take advantage of the high degree of parts 
commonality in encoders designed for different piston stroke 
ranges reduces design cycle cost for neW coolers and cooler 
variants. It is yet a further object of the invention to provide 
a cryocooler With a piston position sensor that is simple to 
install, reliable and accurate. 
From the foregoing description, it Will be apparent the 

cryocooler position sensor invention disclosed in this appli 
cation Will provide the signi?cant functional bene?ts sum 
mariZed in the introductory portion of the speci?cation. 
The Words used in this speci?cation to describe the 

invention and its various embodiments are to be understood 
not only in the sense of their commonly de?ned meanings, 
but to include by special de?nition in this speci?cation 
structure, material or acts beyond the scope of the commonly 
de?ned meanings. Thus, if an element can be understood in 
the context of this speci?cation as including more than one 
meaning, then its use in a claim must be understood as being 
generic to all possible meanings supported by the speci? 
cation and by the Word itself. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs a cross section of the compressor of the 
present invention With an optical encoder for piston position 
sensing mounted thereon. 

FIG. 2 illustrates the relative movement of the rod of the 
present invention and the maximum and minimum move 
ment of the ?exure bearing and piston. 

FIGS. 3a and 3b shoW examples of index markings for the 
index plate in a linear encoder for mounting on a moving 
part in a cryocooler compressor. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Turning noW to the ?gures Wherein like elements are 
designated by like numerals among the several vieWs, FIG. 
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1 shows a linear-type compressor 1 for use in a cryogenic 
refrigeration system 3. Cryogenic refrigeration system 3 
may be a Stirling, Gifford-McMahon, Joule-Thomson or any 
system that requires the use of a compressor to compress a 
Working ?uid such as helium. Compressor 1 includes a 
housing 5 With an electronic voice coil 10 ?xedly mounted 
thereon. Voice coil 10 is a moving electronic coil and may 
be comprised of copper Wires Wound about a static magnet 
much like the con?guration of a conventional audio speaker 
coil assembly. 

Compressor 1 further comprises at least one piston 15 
slidably disposed Within cylinder 20 for the compression of 
the Working ?uid in the volume of cylinder 20. Flexure 
bearing 25 is af?xed to housing 5 so as to receive and be 
?xedly connected to piston 15 by use of a connecting 
member such as a rod 30. Flexure bearing 25 functions much 
like a helical spring, alloWing linear motion of rod 30 and 
piston 15, While reducing or eliminating undesired motion in 
any other axis. The ?exure bearing alloWs precision align 
ment of piston 15 along its desired longitudinal axis While 
maintaining radial rigidity With respect to undesired motion. 

The similar use of a ?exure bearing in cooperation With a 
compression piston in a cylinder has also been adapted for 
use of a cold head in a cryogenic refrigeration system to 
support the gas displacer element in the cold head. 

In operation, an electronic signal is applied to voice coil 
10, inducing an electromotive force on the coil so as to cause 
voice coil 10, rod 30 and piston 15 to move. When an 
oscillating signal, such as a sine Wave is applied to voice coil 
10, a comparable sinusoidal, oscillating motion is trans 
ferred to piston 15 Within cylinder 20. 

The stroke and frequency of oscillation of piston 15 
Within cylinder 20 may be modi?ed by controlling the 
characteristics of the electronic drive signal to voice coil 10. 
In a preferred embodiment, voice coil 10 is driven by a sine 
Wave at 50 HZ With amplitude suf?cient to generate a 
nominal piston stroke Within the cylinder of 2 cm. 

FIG. 2 illustrates the linear movement of the ?exure 
bearing and piston in the cylinder When driven by voice coil 

Alternative embodiments of compressors, not shoWn 
include the use of dual piston con?gurations as Well as the 
use of balancing Weights for the minimiZation of compressor 
vibration caused by a reciprocating piston or pistons. 

FIG. 1 further shoWs housing 5 With encoder assembly 35 
disposed thereon so as to alloW precise position sensing of 
the piston 15 Within cylinder 20. Encoder assembly 35 is 
preferably an optical encoder assembly readily commer 
cially available from suppliers such as Gurley Precision 
Instruments and may be a linear incremental encoder, linear 
absolute encoder or any variation of encoder capable of 
sensing position With the desired accuracy. 

Apreferred embodiment of encoder assembly 35 includes 
an optical transmit/receive unit 40 and a transmissive or 
re?ective index plate 45 With appropriate index markings 
50. Index plate 45 is movably disposed With respect to 
transmit/receive unit 40 so that linear motion of 45 index 
plate With respect to transmit/receive unit 40 causes the 
markings on the index plate to interrupt the signal from 
transmit/receive unit 40. Transmit/receive unit 40 detects the 
interrupted signal and through appropriate control electron 
ics 55, interprets the demarcations on index plate 45 and 
translates the signal into an index plate position along its 
path of travel With respect to transmit/receive unit 40. 

Apreferred embodiment mounts index plate 45 on rod 30 
and transmit/receive unit 40 on housing 5. The signal is 
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6 
preferably routed exterior of the housing to control elec 
tronics 55 Where is can be read to determine the stroke or 
frequency of the piston movement at any given instant in 
time. 

The encoder may be of the incremental, absolute or 
relative absolute type, depending on the desired accuracy, 
cost considerations or design criteria of the cryogenic com 
pressor or its application. 

The type of encoder is preferably an absolute position 
encoder in Which a plurality of dependent marking are read 
by the transmit/receive unit to determine the absolute posi 
tion of the moving parts With a digital Word of a certain siZe 
(such as 8 10 or 12 bits). A combination of an absolute 
encoder and the location of the receiving electronics external 
to the sealed volume creates the need for more signal pins in 
the hermetic connector that connects the internal encoder to 
the external uncontrolled environment 

Another option is using an incremental encoder and it Will 
Work in systems Where the temperature can be controlled by 
knoWing the relative movement of the moving parts (speed 
and acceleration of the controlled parts). This type of 
encoder requires by default a smaller number of pins. 

Both types of encoders described above as transmissive 
devices (With a transparent marking element) can be re?ec 
tive devices With the light source and sensor positioned on 
the same side of a mirror type marking element. 

Although the description above relates to optical 
encoders, a system using different types of encoders (such as 
magnetic) utiliZing the same principals can be implemented. 

In cases Where there is a need for absolute position 
reading and there is a limit on the number of sensors to be 
used, or on the siZe (usually Width or diameter) of the 
encoder scale (the transparent part With the marking on it), 
or the number of signal lines betWeen the encoder and 
electronic circuitry, the folloWing approach is proposed: 

This approach is valid for both linear and rotational 
encoders. 

The encoder marking (either transmissive or re?ective) 
consists of tWo sections on the same physical piece. One 
section shall have tWo markings in the case of a linear 
encoder and only one in a circular encoder. One of markings 
in the linear encoder, When mounted in the system, shall be 
positioned in a knoWn absolute position and With the 
required accuracy (and so Will the one marking in a circular 
encoder). The second marking in the linear encoder shall be 
marked on the other end of the motion stroke to indicate a 
reversal in direction of movement. The other section shall 
have a number of markings With a knoWn spacing that 
matches the precision needed from the system. During 
operation, the system Will reset to a knoWn absolute position 
every cycle (either linear or 360 degree rotation. 
A reciprocating rotational encoder With less than 360 

degrees of rotation is for all practical purposes a linear 
encoder and during that cycle the absolute position shall be 
calculated by adding the readings from the relative portion 
of the encoder to that absolute position. In the case of a 
linear encoder, once the end of stroke marking is read, the 
system Will subtract the readings instead of adding them. In 
this approach, an absolute reading can be made only after the 
absolute position mark is read for the ?rst time after the 
system is started. 
When the precision required by the system cannot be met 

by one relative encoder section because the line Width and 
spacing exceed the printing capabilities, a second and more 
sections can be added With their markings shifted from one 
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another to form a ?ner division of the full motion stroke. 
Each such section adds one set of light source and sensor. 
The signals from these additional sets can be Wired into the 
same signal line eliminating the need for additional signal 
lines. 

The preferred type of encoder in the present invention is 
an absolute position encoder. A conventional absolute 
encoder requires the number of signal lines betWeen the 
detector and the electronic circuitry to be equal to the digital 
Word’s length, Which is typically 10 or more bits. This 
approach presents a problem in cryocooler designs, Where 
the number of position signal I/O lines passing through the 
cooler’s pressure housing is physically limited to 4 or 5 per 
sensor, With tWo allocated to poWer supply. Cryocoolers 
have pressuriZed housings that must be hermetic to prevent 
leakage of the helium refrigerant gas. The electrical feed 
through must also be hermetic, leading to the use of feed 
through With relatively thick glass insulated pins. The large 
siZe of the pins and insulators plus the metal structure 
needed to support them limit the number of I/O pins avail 
able for motors and sensors Within the housings. 

This detection method is suitable for systems that alloW 
both end markings to be read every cycle during operation 
(full stroke movement every cycle) or for rotational systems 
that rotate in one direction only. 

If combined With a method for detecting the motion 
direction (or direction of rotation), the system shall be 
capable of detecting the position of moving parts that do not 
cover the full stroke every cycle (at the same time, the need 
for the end of stroke marking shall be eliminated). In such 
a case, even the absolute position marking reading is not 
mandatory every cycle and the reset to a knoWn absolute 
position shall be made only in cycles that reach this mark 
ing’s position. 

Such a direction of motion detector can be (but not limited 
to) adding tWo sections and tWo sets of light sources and 
sensors to the marking element. The markings on these 
sections shall be made in pairs Where one marking shall have 
a small shift With respect to the one on the other section. 
These pairs shall be repeatedly marked on these tWo sections 
With a gap betWeen them that is different (bigger) than the 
shift Within the pair. During operation, receiving the signals 
from the pair of sensors in one order shall indicate one 
direction of movement and vice versa. The bigger gap 
betWeen the pairs shall indicate to the system that a neW pair 
is being read. 

FIGS. 3a and 3b illustrate an example of a preferred 
embodiment of an index plate demarcation system for an 
absolute-incremental linear encoder With direction of 
motion detection and an absolute-incremental encoder With 
tWo incremental sections and a detection of movement 
detection, respectively. 
Although the description above relates to optical 

encoders, different types of encoders (such as magnetic) 
utiliZing the same principals can be implemented. 

In application, index plate 45 is ?xedly mounted to the 
moving part for Which position sense data is desired such as 
piston 15 or rod 30. Index plate 45 may be mounted at any 
convenient location Where there is suf?cient clearance to 
alloW it to travel along the maximum travel path of the part 
to be measured and so long as index plate 45 is mounted 
substantially parallel to the part’s path of travel. Transmit/ 
receive unit 40 is ?xedly mounted to any convenient sta 
tionary location such as the interior of housing 5, and is 
disposed so as to received and read the linear position of 
index plate 45 throughout its path of travel. Necessary I/O 
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8 
Wiring (no shoWn) connecting the transmit/receive unit to 
exterior control electronics may be routed as convenient and 
preferably incorporate a hermetic seal Where the Wiring exits 
the housing. 

It should be noted that Where it is desired to determine the 
position of other moving components in a cryogenic refrig 
eration system such as a displacer piston or balance Weight 
or Weights used to minimiZe vibration, the user may install 
the components of the encoder in the manner above, alloW 
ing precision position data of the component being 
observed. 

From the foregoing description, it Will be apparent that the 
device and method disclosed in this application Will provide 
the signi?cant functional bene?ts summariZed in the intro 
ductory portion of the speci?cation. The folloWing claims 
are intended not only to cover the speci?c embodiments 
disclosed, but also to cover the inventive concepts explained 
herein With the maximum breadth and comprehensiveness 
permitted by the prior art. 

The de?nitions of the Words or elements of the folloWing 
claims are, therefore, de?ned in this speci?cation to include 
not only the combination of elements Which are literally set 
forth, but all equivalent structure, material or acts for 
performing substantially the same function in substantially 
the same Way to obtain substantially the same result. In this 
sense it is therefore contemplated that an equivalent substi 
tution of tWo or more elements may be made for any one of 
the elements in the claims beloW or that a single element 
may be substituted for tWo or more elements in a claim. 
Although elements may be described above as acting in 
certain combinations and even initially claimed as such, it is 
to be expressly understood that one or more elements from 
a claimed combination can in some cases be excised from 

the combination and that the claimed combination may be 
directed to a sub-combination or variation of a sub 
combination. 

Insubstantial changes from the claimed subject matter as 
vieWed by a person With ordinary skill in the art, noW knoWn 
or later devised, are expressly contemplated as being equiva 
lently Within the scope of the claims. Therefore, obvious 
substitutions noW or later knoWn to one With ordinary skill 
in the art are de?ned to be Within the scope of the de?ned 
elements. 

The claims are thus to be understood to include What is 
speci?cally illustrated and described above, What is concep 
tually equivalent, What can be obviously substituted and also 
What essentially incorporates the essential idea of the inven 
tion. 
What is claimed is: 
1. A cryogenic compressor comprising: a compressor 

having at least one moving part for compressing a gas; an 
encoder for continuous position tracking of said part, said 
encoder comprising at least one transmit/receive unit and at 
least one index plate, said at least one transmit/receive unit 
and said at least one of said index plates are oriented such 
that the movement of said part is transformed by said 
encoder into an electronic signal representing said part’s 
position. 

2. The cryogenic compressor as claimed in claim 1 
Wherein said encoder comprises analog to digital conversion 
circuitry and outputs digital position signals. 

3. The cryogenic compressor as claimed in claim 1 
Wherein said encoder is of an absolute-incremental type, 
comprising a plurality of tracks marked on a scale, Wherein 
said tracks are comprised of incremental and index tracks, 
Wherein said incremental tracks are read by a read head to 
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produce speed (or increments of motion per time unit) 
information of said part, Wherein said index tracks are read 
by said read head to produce indeX signals representing 
pre-de?ned absolute position of said part Whereby the corn 
bination of signals from said indeX and said incrernental 
tracks produce absolute position information of said part at 
any point of said relative motion. 

4. A cryogenic refrigerator having at least one reciprocat 
ing piston for displacing refrigeration gas and comprising a 
linear rnagnetic encoder for continuous position tracking of 

10 
said at least one piston, Wherein said encoder comprises a 
read head and a scale, Wherein one of said read head or scale 
is stationary While the other is attached to said at least one 
piston to create relative motion betWeen said read head and 
said scale, Whereby said relative motion is transformed in by 
said encoder into signals representing said at least one 
piston’s position. 


